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Toxoplasma gondii (T. gondii) is a protozoan parasite that infects a broad range of warm-
blooded host species. It holds a high medical as well as veterinary relevance world-wide. Out 
of all the different avian species, chicken is the most abundant livestock and is also kept as a 
companion animal. It is well known that chickens are a common domestic host for T. gondii. 
Cats including all feline species are the only definitive host (DH) and all warm-blooded species 
can be intermediate hosts (IH). Sexual replication with production and fecal excretion of 
oocysts occurs exclusively in the DH. The infection with T. gondii can occur horizontally as well 
as vertically (at least in mammals) by different stages of the parasite. Upon infection of an 
intermediate host, the parasite transforms into the tachyzoite stage that replicates actively. The 
tachyzoites invade nucleated cells building a parasitophorous vacuole (PV) in which they 
multiply. Finally, lysis of host cells results in the release of large numbers of progeny. Due to 
immune response, the parasite evolves into a slow growing form, called bradyzoite, and 
survives within an intracellular cyst. Ingestion of those cysts can be one source of infection 
while the other important case is the ingestion of oocysts, the result of sexual development of 
T. gondii in cats followed by shedding in feces. Infection performs mostly without severe 
pathogenesis, but the opportunistic character of the parasite can become an extremely 
important fact in immunocompromised individuals or during pregnancy. The effective immune 
response is essential for the successful control of this pathogen. It differs in high diversity of 
hosts and cell populations. 
1.1 Toxoplasma gondii 
1.1.1 Structures and life cycle 
Definitive hosts of T. gondii are felines, while any warm-blooded animal can serve as an 
intermediate host. Biological classification has been changed since first description in 1908 by 
Nicolle and Manceaux. By now (SCHNIEDER et al. 2006), it belongs to   
 
Phylum: Apicomplexa  
Class: Coccidia  
Subclass: Eucoccidia  
Order: Eimeriida  
Family: Sarcocystidae  
Genus: Toxoplasma  
The only species in this genus is Toxoplasma gondii. 
The oocyst, which is formed in the definitive host, is elementary for the classification of all 
coccidea. Besides this exogenous stage shed by felines, which features two sporocysts, each 
with four sporozoites, there are two more infectious stages, replicating tachyzoites and 
bradyzoites contained in cysts. 
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Tachyzoites are the rapidly multiplying stages with crescent shape, approximately 2 x 6 µm in 
size, a pointed conoidal anterior and a rounded posterior end. Their complex structure consists 
of various organelles such as ribosomes, endoplasmatic reticulum and mitochondria, inclusion 
bodies nucleus and, as a unique feature, an apicoplast. Tachyzoites display mobility by gliding 
or rotating, which is enabled by actin-myosin machinery anchored in their inner membrane. 
They invade through the membrane of their target host cell within 20 to 30 seconds by 
invagination, building a parasitophorus vacuole (PV). Tachyzoites replicate within the PV by 
endodyogeny with a doubling time of about 6 hours (JEROME et al. 1998) that slows down 
with increase of the number of parasite stages within the PV. Replication has been studied in 
many different models, mostly human and mouse, in vitro, hence cultivation of tachyzoites in 
common cell lines is established in many laboratories (LUND et al. 1961, JONES et al. 1972, 
DIAB and EL-BAHY 2008). 
Bradyzoites are found in tissue cysts and have a shape and structure similar to tachyzoites. 
They, as well, divide by endodyogeny, but less rapidly. Tissue cysts develop nearly 3 days 
after infection and may persist in their host cell for extended periods. They are surrounded by 
an elastic wall enclosing hundreds of bradyzoites. Rupture of cysts results in distribution of the 
parasite stages including reactivation to tachyzoites and acute toxoplasmosis (TENTER et al. 
2000, DUBEY 2009). 
Oocysts are the result of sexual development inside the intestine of the definitive host, felines. 
They are shed immature with a size about 10 to 12 µm and develop outside within 1 to 5 days 
to mature stages, containing eight infectious sporozoites (TENTER et al. 2000, DUBEY 2009).  
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1.1.2 Life cycle 
 




 4  
As it belongs to tissue-cyst forming coccidia, T. gondii has a two-host life cycle. Although 
vertical transmission is possible the optional heteroxenous life cycle can only be completed by 
subsequent infection of an intermediate host (prey) and a feline (predator) definitive host (DH), 
as indicated in Figure 1.  
In intermediate hosts (IH), sporozoites released from sporocysts penetrate through the 
intestinal epithelial layer and migrate to the lamina propria of the intestinal wall (DUBEY 2009). 
Tachyzoites are produced within hours post infection and numerous different types of cells and 
additional tissues are invaded through distribution in blood and lymphatic vessels. Formation 
of tissue cysts starts around 7 to 10 days post infection (DUBEY 2009). The infection may 
persist for the life of the host (SULLIVAN JR. and JEFFERS 2012). 
Felids serve as DH but may also develop tissue cysts following extraintestinal multiplication. 
Cats that ingest tissue harboring cysts undergo intestinal invasion followed by asexual 
multiplication (merogony) followed by formation of sexually differentiated macrogamonts and 
microgamonts (gamogony) about 2 days after infection. Fertilization leads to formation of 
diploid zygotes that are enveloped by oocyst walls. After host cell rupture, oocysts enter the 
intestinal lumen and are discharged with the feces (DUBEY 2009). Cats may shed more than 
1 million T. gondii oocysts during primary infection with tissue cysts (DABRITZ et al. 2007). 
Infection of cats by ingestion of oocysts may also result in oocysts excretion, however, at a 
much lower level and not in all cases. The prepatent period (PP), period from ingestion to first 
observation of fecal oocysts varies depending on the stage of the parasite initiating infection 
(FRENKEL et al. 1970). After tissue cyst ingestion, the PP is as short as 3 to 10 days while 
after ingestion of sporulated oocyst excretion may occur after 18 days or more (WEISS and 
KIM 2000). 
Both development in IH and DH require evasion of the parasite from the host’s immune system. 
In fact, white blood cells, which participate in immune protection, may be though infected and 
help to spread the parasite within the host (DENKERS et al. 2012). On the other hand, cyst 
formation appears to be an immune evasion reaction by the parasite and reactivation of cysts 
is observed in individuals suffering from acquired immune deficiency (DUBEY 2009). 
1.1.3 Genotypes 
Historically, isolates of T. gondii were considered to be highly similar in their pathogenicity and 
virulence due to the clonal population structure. Further molecular analysis on population 
genetics of T. gondii revealed more complex patterns (SIBLEY and BOOTHROYD 1992). 
Among different geographic regions, the occurrence of different genotypes differs greatly. 
Strains isolated from North America and Europe largely comprise three clonal lineages, with a 
fourth clonal variant found more commonly in wild animals in North America (SIBLEY et al. 
2009). All four clonal lineages (types I through IV) differ by reproduction, virulence and ability 
to form cysts. The genetic differences are thus obviously related to phenotypic variation such 
as diversity in virulence and pathogenicity (SAEIJ et al. 2005). The virulence of strains is 
generally defined by the number of infectious stages, which leads to fifty percent death in 
infected mice (LD50) under laboratory conditions. There are strains of type I which cause 100 
percent lethality in mice at infection doses as low as one parasite stage. In contrast, strains 
type II and III are much less virulent inducing LD50 after infection with several thousand stages. 
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Yet, virulence in other species may differ considerably (SIBLEY et al. 2009). However, the 
underlying reasons are poorly understood.  
1.2 Zoonosis 
T. gondii is a common parasite of animals and humans that can cause serious opportunistic 
infections in many host species. Severe clinical disease may emerge in immunodeficient 
individuals. However, severity of disease is very variable depending on many factors including 
host and parasite genotypes, infection dose and others (AJIOKA and SOLDATI 2007). Human 
infections are caused by ingestion of tissue cysts in undercooked meat or oocysts that 
contaminate environment, food or water. Postnatal infections are mostly inapparent and 
toxoplasmosis is primarily a problem of immunocompromised patients. Common symptoms in 
immunocompetent patients include cervical lymphadenopathy and other symptoms of 
generalized infection such as fever, malaise, night sweats, myalgia and sore throat 
(MONTOYA and LIESENFELD 2004). The clinical course in immunocompromised patients 
usually is much more severe including several important symptoms like encephalitis, 
myocarditis and pneumonitis. In those cases, death is almost certain if the disease remains 
untreated (JOYNSON and WREGHITT 2001, MONTOYA and LIESENFELD 2004). Primary 
infection during pregnancy may impair the unborn child more or less severely depending on 
infection dose and the duration of pregnancy at exposure. Toxoplasmosis in congenitally 
infected newborns can present in a nonspecific manner with a wide range of symptoms 
covering chorioretinitis, blindness, epilepsy, mental retardation, anemia, jaundice, 
encephalitis, deafness, pneumonitis and others but these may also occur after many years 
(LOPES et al. 2007). Especially ocular toxoplasmosis, mostly manifesting as progressive and 
recurring necrotizing retinitis, may occur in reactive congenital but also postnatal infected 
otherwise healthy people (EFSA 2007). 
However, majority of infections are asymptomatic because the organism has developed 
multiple strategies to circumvent marked inflammatory reactions and to evade immune 
response leading to minor clinical impairment and persistence of tissue cysts for the lifetime of 
the host. 
In cases of insufficient immunity, the parasite may continue to replicate in the tachyzoite stage 
thereby causing acute disease and sometimes death (e.g. in HIV patients) which points at the 
importance of a balanced host-parasite interaction. While the hosts aim to eliminate the 
pathogen by employing immune attack, the parasite evades by forming intracellular cysts and 
thus ensures persistence. T. gondii utilizes various strategies to balance activation of the host 
immune response and to evade host attack. 
During the course of infection in the IH, T. gondii has to cross biological barriers and to evade 
the immune system, establishing in its intracellular niche. 
The first interaction occurs in the gut where parasites invade enterocytes or directly cross the 
epithelial barrier and reach the lamina propria, where they infect resident macrophages, 
dendritic cells (DCs), and lymphocytes (BUZONI-GATEL et al. 2006). Following this, the 
infection spreads rapidly and any nucleated cell can be infected. The subsequent replication 
leads to cell lysis, which may cause acute disease. Innate immune response promotes the first 
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line of defense. Within days after infection, adaptive immunity develops to stop parasite 
reproduction and increase resistance to the parasite. The parasite responds by transformation 
into a semi-dormant form that develops within intracellular parasite cysts, the bradyzoite. 
Staying secluded from the immune system in an intracellular, non-fusiogenic vacuole, the cysts 
filled with bradyzoites persist and promote survival of their host cells by modulation of 
metabolism and apoptosis. The immune response is unable to attack these tissue cysts. 
Reactivation of cysts due to immune deficiency can cause severe disease in patients 
(SULLIVAN JR. and JEFFERS 2012). 
The key factor for this unique principle of pathogen-host interaction during infection seem to 
be phagocytes of innate immunity, namely dendritic cells (DCs), macrophages, and 
neutrophils. These cells are among the first to be infected by T. gondii after the parasite 
crosses the intestinal epithelium. Many studies increased current knowledge on the complex 
relationship between T. gondii and cells of the innate immune system, and T. gondii even 
serves as a model for other microbial pathogens (SIBLEY 2011). 
The intracellular fate of T. gondii is correlated to the mechanism of entry. Free tachyzoites can 
become opsonized by antibodies and are then engulfed by phagocytosis resulting in death of 
the parasite (MORDUE and SIBLEY 1997). Following activation, macrophages and other cell 
types use diverse mechanisms to eliminate the pathogen including increase of reactive oxygen 
radicals, nitric oxide production, nutrient limitation and vacuole destruction mediated by 
immunity related GTPases (IRGs) (HOWARD et al. 2011). Thus, they are able to affect 
adversely the survival of intracellular T. gondii (SCHARTON-KERSTEN et al. 1997). IRGs are 
recruited to the pathogen-containing vacuole where they destroy the vacuole membrane, 
resulting in digestion of the pathogen being thereby essential for the control of infection in 
macrophages (YAP and SHER 1999). They have been implicated in resistance to a wide 
variety of intracellular bacterial pathogens as well as protozoans (TAYLOR et al. 2007). 
Besides, control of toxoplasmosis depends on regulation of diverse cytokines. Critically are 
pro-inflammatory tumor necrosis factor alpha (TNF-α) and interleukin-12 (IL-12), respectively. 
Those cytokines also collectively arm hematopoietic and non-hematopoietic cells representing 
potent microbicidal activities (DUNAY et al. 2008). Resistance to infection with T. gondii 
requires Th1 response, that is characterized by the production of the cytokine IL-12, which 
promotes the ability of parasite-specific CD4 + and CD8 + T cells to drive the expression of 
interferon gamma (IFN-γ) (DUPONT et al. 2014).  
However, T. gondii has evolved counter-mechanisms to resist destruction and avoid 
clearance. Although infection results in release of pro-inflammatory cytokines followed by Th1 
response, anti-inflammatory mediators like interleukin-10 (IL-10) or transforming growth factor-
β (TGF-β) are induced as well. T. gondii modulates various host cell signaling pathways related 
to the innate and adaptive immune system (LENG et al. 2009). Infection has been shown to 
influence pro-inflammatory nuclear factor 'kappa-light-chain-enhancer' of activated B-cells 
(NFκB) signaling, an activation pathway that controls both cell survival and inflammatory 
responses by blocking or activation. The mitogen-activated protein kinase (MAPK) family 
controls gene expression and immune function and has roles in the positive and negative 
regulation of pro-inflammatory cytokine production as another important signaling pathway 
being activated in macrophages that are infected with T. gondii (MASON et al. 2004). Also, 
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signal transducer and activator of transcription (STAT) molecules, that are mediators of 
interleukins, cytokines and growth factors, have been shown to be blocked in the signaling 
cascade, following generally disruption of IFN-γ signaling (KIM et al. 2007). Apoptosis is 
mediated at both cell death-activating receptors and endogenous pathways (BLADER et al. 
2001). Albeit the mechanisms responsible for these altered signaling events remain unknown, 
parasite-specific molecules likely induce them as a means of disrupting host cell immune 
responses.  
Although innate immune responses to T. gondii have been examined in detail, it is less well 
understood how these processes lead to the stimulation of adaptive immunity, including the 
ability of DCs to access antigens for priming of CD4+ and CD8+ T cells. The obtained 
knowledge is mainly limited to mammals, while other important hosts like avian species are 
less investigated so far.  
1.3 Relevant differences of avian species from mammals as IH  
The facts on toxoplasmosis in avian species are on certain conditions because of the different 
biology. For example, do the higher body temperature of birds (>40°C) in comparison to 
mammals (37°C) or the nucleated blood cells have any effect on T. gondii? The body 
temperature in chicken is 3 to 4 degrees Celsius higher than in mice or humans. Since 
temperature is an important fact for cultivation and replication of tachyzoites, respectively, this 
difference is to be considered (DIAB and EL-BAHY 2008). Moreover, in avian species 
erythrocytes and thrombocytes are nucleated and proportions of the peripheral blood cells also 
differ to mammals (DAVISON et al. 2008, MAXWELL and ROBERTSON 1998).  
There are many immunological mechanisms in common with mammals, but avian species 
have evolved some quite distinct strategies. In the avian immune system, the chicken major 
histocompatibility complex (MHC) is considerably smaller than its mammalian counterpart and 
as well strongly associated with resistance to certain infectious diseases. The cellular 
components of the innate immune system range from the action of specialized epithelial cells 
to the activity of more classically defined immune cell populations, such as macrophages, 
granulocytes (polymorphonuclear cells), thrombocytes and natural killer (NK) cell populations. 
In comparison to mammals, certain components of the humoral immune response are absent 
in chickens. For example, chicken lack immunoglobulin E (IgE) and subclasses of IgY (the 
avian homologue of IgG) (DAVISON et al. 2008).  
There are similar interactions between T cells and macrophages of mammalian species. 
Accordingly, macrophages play a central role within the innate cell types and perform a variety 
of functions, including phagocytosis and production of antimicrobial compounds such as the 
reactive oxygen intermediates and nitric oxide (NO). T cell responses often involve the 
production of IFN-γ, a cytokine that activates macrophages, increasing their capacity to 
phagocyte and kill invading microorganisms (DAVISON et al. 2008). Macrophages harboring 
intra-vesicular bacteria or parasites can be activated and induced to kill those by interaction 
with Th1 cells.  
Phenotypic studies have shown that NK cells in adult chickens reside mainly in the intestinal 
epithelium, with only a low proportion detected in spleen and blood. This is different in humans 
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and mice, where up to 15% of the lymphoid cells in these tissues represent NK cells (DAVISON 
et al. 2008). 
Early studies addressing cytokine secretion by avian macrophages have relied on biological 
assays for cytokine detection. They have indicated the release of IL-1 (KLASING and PENG 
1987), IL-6 (AMRANI et al. 1986) and TNF-α like factor (RAUTENSCHLEIN et al. 1999) in 
response to inflammatory stimuli. It is well established that activation of chicken macrophage 
cell lines and primary macrophages with different PAMPs induce the release of IL-1 (WEINING 
et al. 1998) and IL-6 (SCHNEIDER et al. 2001). Interestingly, attempts to identify an avian 
homologue of TNF-α have failed (KAISER et al. 2005) until recently (ROHDE et al. 2018). In 
addition to pro-inflammatory cytokines, LPS-activated HD11 cells and monocyte-derived 
macrophages both express the anti-inflammatory cytokine IL-10 and may thereby exert 
multiple immunoregulatory effects during infections (ROTHWELL et al. 2004). The induction 
of IL-1, IL-6, IL-18 and chemokine genes seems to be a uniform response pattern of chicken 
macrophages to microbial stimuli, since it was not only observed in response to bacteria, but 
also after viral (PALMQUIST et al. 2006) and parasitic infection (DALLOUL et al. 2007) of 
macrophage cultures. In general, many of the cytokines and chemokines identified in 
mammals are also present in the chicken, but chicken cytokines have only 25–35% amino acid 
identity with their mammalian orthologues (DAVISON et al. 2008). Many chicken cytokines 
have been cloned and characterized already, but some of their effects are not known so far 
(DAVISON et al. 2008). 
Much progress has been made in the field of innate immune response and especially 
macrophage biology in recent years in some mammalian species (TAYLOR et al. 2005), but 
knowledge on avian macrophages is very limited and the number of macrophage-specific 
laboratory tools is restricted. 
1.4 T. gondii infection in chickens 
Avian livestock species are of increasing economic relevance since poultry meat is key 
contributor to human nutrition worldwide (MIRANDA et al. 2016). The meaning of poultry as a 
reservoir host in the distribution of the zoonotic agent T. gondii has been emphasized 
(TENTER et al. 2000; DUBEY 2010, SCHARES et al. 2017) even though chickens are 
considered as refractory to clinical toxoplasmosis (KANETO et al. 1997). Although it is not 
common, vertical infection by T. gondii has been reported in some bird species (CABEZÓN et 
al. 2016). Indeed, T. gondii infection is prevalent in many domestic and wild avian species, 
however, the epidemiological role of those species is poorly understood. 
Furthermore, T. gondii is an important model organism for understanding of how the immune 
system promotes resistance to intracellular pathogens. In most studies only mice and humans 
were considered. DENKERS (2012) summarized important differences existing in immune 
effector mechanisms even within a given species, so that extrapolation of data obtained for 
another species appears unsuited to replace investigations in the respective species of 
interest.  
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1.5 Aims and focuses of this study  
Basic investigations into immunological effects of T. gondii in chickens following primary 
infection were performed in the current studies to provide new insights into the host-parasite 
interaction and thus better understanding of avian toxoplasmosis. It is well evaluated, that 
T. gondii is able to infect all nucleated cell types in mammals but the level of knowledge is 
fragmentary for birds. Therefore, the main aim of this study was to evaluate the capability of 
chicken blood mononuclear cells to serve as host cells for T. gondii. For this purpose, chicken 
monocyte-derived macrophages, thrombocytes and erythrocytes were considered. 
 The first part of this work (MALKWITZ et al. 2013 ≙ PUBLICATION 1) addresses the 
establishment of primary chicken peripheral monocyte-derived macrophage cultivation. Purity 
and eligibility for long-term cultivation was of particular interest. Following this, cultured 
macrophages were infected with tachyzoites. We were interested to demonstrate the suitability 
of our cell culture system to host T. gondii. Furthermore in vitro parasite replication was studied 
in chicken monocyte derived macrophages in a long-term cell culture experiment. 
The second part of this work (MALKWITZ et al. 2017 ≙ PUBLICATION 2) focuses on three 
different mononuclear blood cell populations: thrombocytes, erythrocytes and macrophages. 
Their capability to serve as host cells for T. gondii was compared. Since in mammals all 
nucleated cell types are supposed to be suitable for propagation of T. gondii, we suspected 
that this might also apply to nucleated chicken erythrocytes and thrombocytes. This was 
assessed in comparison to chicken macrophage cultures.  
The third part (MALKWITZ et al. 2018 ≙ PUBLICATION 3) targets parasite-host interactions 
in chicken monocyte derived macrophages in vitro. Tachyzoites of two distinct strains (ME49 
and NED) were compared for capability and pathogenicity within the infection model. The 
reaction of macrophages to infection with ME49 was characterized based on the regulation of 
cytokines and inducible NO-synthase. Related mRNA was extracted and analyzed. It was 
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3.1 Establishment of primary blood cell cultures  
Understanding of the pathogenesis of toxoplasmosis has been an important topic in science 
for a long time. T. gondii is a zoonotic agent of considerable global importance, and aspects 
like distribution and development of the parasite in host species that serve as food source for 
humans, are important areas of research to better understand and control toxoplasmosis in 
animal and man. It is important to intensify research on this parasite in chicken, a species that 
was not extensively studied before although it is supposed to be a potential source of human 
toxoplasmosis (TENTER et al. 2000) and global distribution by vector function (PRESTRUD et 
al. 2008). It is well known that relevant differences exist between mammals and birds in relation 
to the immune system and the response of innate immunity to toxoplasmosis (DENKERS et 
al. 2012). In general, avian species are mostly subject to subclinical disease in case of T. gondii 
infections, although some like canary birds can develop severe disease (DUBEY et al. 2002). 
However, this does not exclude cyst formation in edible tissue and thus consumer risk when 
poultry is exposed to the pathogen.  
Cellular immunity was expected to possess potent activity against that intracellular pathogen. 
Hence, DCs as well as monocytes and macrophages mediate protective immunity on the one 
hand but may also serve as Trojan horses and thus contribute to the spread of infection to 
suitable tissues (COURRET et al. 2006, SIBLEY et al. 2007). The establishment of T. gondii 
infection is based on the spreading of the parasite from the small intestine to multiple tissues 
by blood circulation, UNNO et al. (2008) complemented the idea of the Trojan horse function 
showing that dissemination of free extracellular tachyzoites within the blood flow is hardly 
relevant for distribution. Therefore, we concentrated on cells of the innate immune system in 
this study in order to understand their role in parasite dissemination and their response to the 
pathogen in chicken. First studies on isolation and cultivation of chicken blood derived 
macrophages date back almost a century ago (CARREL and EBELING 1922), however, since 
then the functions of macrophages during infection including toxoplasmosis were mainly 
studied in mammals, especially humans and mice (RUSKIN et al. 1969, MURRAY et al. 1979). 
It became obvious that comparison of results obtained for mice and humans do not allow 
uncritical extrapolation from one mammalian species to another, even though mice are often 
used as a model for human investigation (DENKERS et al. 2012) due to their similar 
physiology. Thus, it is justified to conclude that macrophage features differ even more in 
comparison of poultry and mammals and that understanding of interaction of T. gondii with the 
innate immune response in poultry requires studies performed in poultry models. 
The isolation method for PBMC is broadly similar for poultry and mammals (BENNETT 1966), 
but it has to be considered that avian physiology differs from mammals. For instance, the 
physiological body temperature of avian species is higher than in mammals (40 °C in chickens). 
Thrombocytes and erythrocytes are nucleated in avian species and may thus be assumed to 
be suitable host cells for T. gondii whereas this is not the case in mammals. Besides, 
Discussion 
39 
monocytes in birds are involved in host-pathogen interaction and constitute a higher proportion 
of peripheral blood leucocytes (approximately 5–10 %) than in mammals. In tissues, avian 
monocytes differentiate into resident macrophages and DC following recruitment from the 
circulation by inflammatory stimuli (ROSE and HESKETH 1974, SABET et al. 1977). This 
innate response is essential for the efficient control of pathogens in birds (TOTH and SIEGEL 
1993). Chicken lack encapsulated lymph nodes. They are able to develop diffuse lymphoid 
tissue in response to antigenic stimulation almost anywhere. In contrast, macrophages of 
mammals are constitutively present on the serosal membranes of the peritoneal cavity and in 
lymph nodes (CONRAD 1981).  
The findings reported here regarding cell ratio, shape and purity of primary cells during long-
term cultivation of MM are in accordance to previous studies (BENETT 1966). In our studies 
we found that cultivation at the physiological body temperature of poultry of 40°C has a distinct 
negative effect on tachyzoite replication (PUBLICATION 1). This is in accordance to data 
provided by DIAB and EL-BAHY (2008) who reported that T. gondii is sensitive to temperatures 
higher than 37°C. Yet, to the best of our knowledge, this aspect was not evaluated in primary 
blood cells of poultry origin, so far (DAMATTA et al. 1999, QUÉRÉ et al. 2013, MIRANDA et 
al. 2016), and thus it was unclear whether the negative impact was due to alteration of host 
cell physiology when cultured at unphysiological temperature or whether the parasite was 
directly harmed. We conclude from our data that although T. gondii replicates at 40°C, poultry 
in general is not the ideal host for the parasite due to, at least partly, physiological body 
temperature.  
Though MM are suitable to observe the course of infection with T. gondii, other blood cell 
populations must be considered as well. In general, all nucleated blood cells may host 
tachyzoites and thus contribute to dissemination of T. gondii by blood circulation into the 
peripheral tissues (UNNO et al. 2008). In birds, different from mammals, all blood cells do have 
a nucleus and might thus propagate T. gondii (ST PAUL et al. 2012, MIRANDA et al. 2016). 
On the other hand, erythrocytes and thrombocytes in avian species are assumed to contribute 
to the immune response (HESS and SCHIFFERLI 2003, ST PAUL et al. 2013, ASSINGER 
2014, FENG et al. 2014). 
In our model, erythrocytes could be cultivated without major problems while cultivation of 
thrombocytes appeared to be more difficult, as already reported by DAMATTA et al. (1998a). 
Populations of isolated thrombocytes unavoidably include a certain proportion of monocytes 
and thus it was not possible to generate pure thrombocyte isolates and cultures.  
It was demonstrated in the current studies that primary cell cultures can be established from 
poultry peripheral blood and are suitably for long-term infection in vitro trials. It is not always 
possible to produce pure cell isolates from peripheral blood and thus small amounts of other 
cell types, as already mentioned above, may have to be accepted and accordingly considered 
in the analysis of data obtained from such contaminated cultures. In fact, they may even help 
to maintain cultures and to better understand host-parasite interaction under consideration of 




The approach of cultivation of blood derived mononuclear cells has also been applied for other 
pathogens (HERMOSILLA et al. 2014, PIEPER et al. 2017). We were able to generate three 
different populations of peripheral blood mononuclear cells. Each cell type was studied 
separately to collect data allowing conclusions on interactions during the initial phase of 
infection. Yet, other cells of the innate and adaptive immune system need to be considered in 
further studies to fully understand how T. gondii multiplies and disseminates during early 
infection in avian hosts.  
3.2 Chicken erythrocytes and thrombocytes 
T. gondii is an obligate intracellular parasite and capable to infect any nucleated cell in 
mammals (DOBROWOLSKI and SIBLEY 1996, CARRUTHERS and BOOTHROYD 2007). A 
crucial aspect of IH infection is parasite dissemination via the bloodstream. In particular 
leukocytes are susceptible to invasion and are a key factor of dissemination into diverse host 
tissues in mammals, as reported for man and mice (CHANNON et al. 2000, UNNO et al. 2008). 
Earlier studies on T. gondii infection of thrombocytes demonstrated invasion by and 
phagocytosis of the parasite, respectively, but these results were based on short-term 
observations over 24 h (DAMATTA et al. 1998b, MIRANDA et al. 2016). According to the 
present observations chicken erythrocytes and thrombocytes are not suitable host cells for 
T. gondii in contrast to MM that were demonstrated in long-term cultures to support parasite 
replication (PUBLICATION 1 and 2) irrespective of the presence of other immunocompetent 
cells like thrombocytes (YONG et al. 1991, DAMATTA et al. 1998b; Table 1). It appears less 
relevant whether cells are actively invaded, or the parasites phagocytosed. In both cases 
intracellular replication occurs. However, further response and interaction of different blood cell 
types may affect or promote the parasite. Despite of the new data that are reported here the 
pattern of events involved in infection of poultry is still not fully understood and will need further 
studies. Thrombocytes and erythrocytes, although being nucleated blood cells, are obviously 
not suitable to host T. gondii. They may though play a role in parasite invasion of other cells 
like MM by cellular interactions. They are known to express transcripts for Toll-like receptors 
and soluble factors to modulate leukocyte activity (MORERA et al. 2011; ST PAUL et al. 2013). 
Thrombocytes were demonstrated to produce even cytokines (e.g. IL-1β, IL-6, IL-12) and 
chemokines (FERDOUS et al. 2017) that play a role in activation of macrophages (KOGUT et 
al. 2005; KRAL et al. 2016). From our studies, we conclude that chicken erythrocytes and 
thrombocytes impact infection rather by decreasing the number of parasite stages available 
for infection of e.g. MM. This is in line with older observations (TANABE et al. 1980, DAMATTA 
et al. 1998b). One explanation is that tachyzoites that invade these cells or are phagocytosed 
by thrombocytes (DAMATTA et al. 1998b) are not capable to reproduce thereafter. Moreover, 
erythrocytes and thrombocytes are known to contribute to innate immunity by expression of 
transcripts for toll-like receptors to antigen and cytokine production, respectively (ST PAUL et 
al. 2013, FERDOUS and SCOTT 2015). These features of nucleated avian thrombocytes and 
erythrocytes may reduce the number of replicating tachyzoites and cyst formation following 
distribution of tachyzoites to the various tissues which may at least partly explain the lower 
susceptibility of birds to the parasite as compared to mammals. However, these considerations 




Table 1. Interspecies differences reveal the crucial role of macrophages for the 
distribution of T. gondii within different hosts.  
Cell type 
T. gondii tachyzoite 
penetration 
T. gondii tachyzoite 
replication 






































































































3.3 Monocyte-derived macrophages (MM) 
The general capability of macrophages to host T. gondii is proven (GUILLERMO and 
DAMATTA 2004, PUBLICATION 1). ROBBEN et al. (2005) presumed that the inflammatory 
response by MM might be limited to certain subsets of progenitors, in this case Gr-1+ 
monocytes in mice. Macrophages and DCs can arise from monocytes under different 
conditions (QURESHI 2003, AUFFRAY et al. 2009), and subsets have also been recovered in 
avian species including chicken (HU et al. 2019). It was demonstrated that tachyzoites multiply 
in chicken MM in contrast to erythrocytes and thrombocytes (PUBLICATION 2). The number 
of parasite stages in MM did not increase exponentially or in a linear mode but efficacy of 
multiplication appeared to differ over time (PUBLICATION 1 and 3). The number of tachyzoites 
decreased in the initial phase of infection pointing to partial elimination of the invading parasitic 
stages by the MM. The antiparasitic cellular reaction of MM is generally reflected by induction 
of the pro-inflammatory cytokines IL-1β, TNF-α, IL-12 and iNOS. However, the induction of 
these mediators is initially suppressed by viable tachyzoites, delaying the activation of MM 
(PUBLICATION 3).  These in vitro observations lead to the assumption that T. gondii 
suppresses the initial protective immune response in the beginning supporting invasion of the 
host cell. Further downregulation of the pro-inflammatory reaction allows survival of both host 
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cell and intracellular parasite stages explaining the latent character of the infection. Similar 
observations have been reported in mice and man (DENKERS et al. 2012, MASEK and 
HUNTER 2013).  
MM reactivity to parasite exposure 
We found that secretion of IL-1β by avian MM is upregulated but delayed in case that viable 
tachyzoites trigger the production of IFN-γ and the TH-1 reaction. The initial IL-1β mRNA levels 
are decreased following infection with viable tachyzoites when compared to those exposed to 
inactivated tachyzoites. Correlating with massive parasite replication at the same time, this 
probably reflects parasite-induced inhibition of cell activation. Upregulation is not observed 
immediately after invasion but occurs after a lag of 8 h. Increase of transcription of IL-1β is 
obviously not related to protection since parasite replication was not altered. Generally, it has 
been demonstrated that IL-1β plays a role as pro-inflammatory cytokine during infection with 
T. gondii in man and mice (GOV et al. 2013, COUNTERMARSH-OTT et al. 2016). In T. gondii 
exposed poultry MM cultures, transcription increased less distinctly than in mice and possibly 
IL-1β is not as relevant as in mammalian models in terms of control of tachyzoite replication 
(PUBLICATION 3).  
For mice, both suppression of activation (BUTCHER et al. 2002) and increased production 
(KIM et al. 2006) of IL-12 during T. gondii infection have been described. In our studies, 
IL12p40 mRNA levels initially decreased pointing to suppression of MM activation in favor of 
parasite replication as described above for IL-1β. However, in the further course of infection 
the production of IL-12 increased in parallel to progressive parasite replication indicating that 
Th1 activation prevents overwhelming tachyzoite multiplication. This dynamic reaction pattern 
is in line with the typical course of toxoplasmosis, which is initially progressive and then 
changes to latency. Thus, function of IL-12 appears to be important in terms of switching acute 
infection to latency by containing replication. Increased IL-12 production during parasitosis is 
known to trigger IFN-γ synthesis by unprimed CD4+ cells, which contributes to sustained 
immunity in mammals (PARK et al. 2002, TOSH et al. 2016). For avian species, the biological 
activity of IL-12 has been shown to be similar in mammals (DEGEN et al. 2004) and studies 
on infection with the closely related parasite Eimeria in chicken macrophages also point to IL-
12 playing an essential role in protecting the host against apicomplexan parasites (CHOW et 
al. 2011).  
Similar IL-1β, TNF-α contributes to the mediation of the inflammatory reaction to intracellular 
pathogens in combination with iNOS, which provides a necessary “second signal” that triggers 
iNOS-dependent parasite control (MASEK and HUNTER 2013). Functional studies 
demonstrated homologous biological activities of avian and mammalian TNF-α as a potent 
inducer of inflammatory cytokines and antimicrobial peptides in chicken macrophages (ZHANG 
et al. 1995, ROHDE et al. 2018). As observed for IL-1β and IL-12 we found that transcription 
of genes encoding TNF-α is delayed during MM exposure to viable tachyzoites and prolonged 
in comparison to exposure to inactivated tachyzoites. Hence, LITAF was upregulated 
continuously between 8 and 24 h p.i. without relevant modulation in response to parasite 
replication indicating inflammatory activation of poultry MM.  
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Low transcription of TNF-α mRNA accords with the time of initial parasite replication and is in 
accordance with the assumption of early suppression of pro-inflammatory MM reaction to 
tachyzoites. In contrast, activation of MM is observed later when high parasite numbers are 
achieved. Upregulation of TNF-α is seen at the onset of visible cellular damage, and it appears 
reasonable to assume that the delayed upregulation of this cytokine and related activation of 
MM are important means to limit potentially life-threatening parasite multiplication and the 
according pathology as described in mice (SCHLÜTER et al. 2003, BUTCHER et al. 2005). 
Albeit this cytokine is important in resistance to chronic infection but is not essential for the 
control of acute toxoplasmosis (DENKERS et al. 2003) in mice, we promote it reveals an effect 
during early infection in chicken (PUBLICATION 3) at least at the level of mRNA expression. 
For poultry, such data were not published before to the best of my knowledge.  
Increased iNOS transcription correlated with elevated TNF-α, IL-1β and IL-12 indicating 
general activation of MM major antimicrobial activity (PUBLICATION 3). Yet, this activation 
occurs with some delay after tachyzoites were seeded into the MM cultures and may be 
interpreted as described above for the diverse cytokines. Altogether, the major effect regarding 
parasite control is limitation of replication and distribution, but not elimination of T. gondii. The 
impact of NO as microbicidal mechanism in macrophages during toxoplasmosis has already 
been shown in mammals (ADAMS et al. 1990, LÜDER et al. 2003) and is also obvious in avian 
species (DAMATTA et al. 1998b). However, detailed effect of altered iNOS expression during 
early infection and further control of parasite burden remains to be investigated and may be 
diverse in avian species and mammals. 
In accordance to findings in mammalian hosts (BUTCHER et al. 2005, DENKERS et al. 2012), 
we presume that the observed initial decrease of mRNA transcription for TNF-α, IL-1β and IL-
12 is linked to reduced activation of signaling cascades. Inactivation of NF-κB culminating in 
the reduced production of IL-1β, IL-12, TNF-α and by this IFN-γ production limits parasite 
induced cell death thereby sustaining access of the intracellular parasite stages to viable host 
cells and nutrients (ROBBEN et al. 2004, BUTCHER et al. 2011). MAPK are activated by the 
same precursor TNF receptor associated factor 6 (TRAF6) as NF-κB and are known to 
represent an important signaling pathway during IL-1β, IL-12 and TNF-α production in 
macrophages infected with T. gondii (MASON et al. 2004), hence are probably inhibited as 
well. Another important pathway is the activation of STAT (signal transducer and activator of 
transcription) molecules. STAT 3 and STAT 6, suppress prolonged induction of IL-12 and may 
thus be important targets for parasites to modulate host response in favor of invasion and/or 
replication (SAEIJ et al. 2007, BUTCHER et al. 2011). Altogether, effective antimicrobial 
mechanisms are not expressed during the early infection because of missing stimulation of 
professional phagocytes and thus reactive oxygen or nitrogen intermediates are lacking. 
However, this has to be established for avian species, yet. 
It has also been described that GTPases are not recruited during acute infection contributing 
to the failure of parasite control in this phase (HUNTER and SIBLEY 2012) but there is no data 
on this part in avian species. In the mouse model, IFN-γ induced expression of immunity-
related GTPases (IRGs) is essential for control of infection with type II strains of T. gondii by 
macrophages in vitro and in vivo (SELLECK et al. 2013). Recruitment and loading of IRGs 
onto the parasitophorous vacuolar membrane (PVM) followed by subsequent vesiculation and 
Discussion 
44 
rupture of the vacuole results in destruction of the parasite. Although IRGs are expanded in 
rodents, these mechanisms are absent or quantitatively reduced in many vertebrates including 
humans and to date no functional IRGs have been detected in any of the available bird 
genomes (HOWARD et al. 2011). Autophagy rather than IRGs seem to be pivotal for killing of 
the intracellular parasite in humans (DENKERS et al. 2012, KRISHNAMURTHY et al. 2017). 
As IL-1β and IL-12 are upregulated in MM of chicken (PUBLICATION 3) and are supposed to 
activate IFN-γ production, it is likely that this is a toxoplasmacidal mechanism in chicken as 
well as in mammals. Further studies on production of IFN-γ during process of infection in 
different primary cell models are necessary to substantiate such conclusions in birds. 
Based on our data (PUBLICATION 3), we assume that suppression of IL-1β, IL-12 and TNF- 
α is reducing the initial inflammatory response thereby promoting invasion of tachyzoites into 
MM, intracellular replication and thus establishment of the infection. Thereafter but still in the 
early phase of infection signaling is switched to upregulation of these inflammatory cytokines 
driving activation of the innate immune response by production of NO and presumably other 
antimicrobial strategies resulting in control of further multiplication of the parasite (DUPONT et 
al. 2014). Unfortunately, data needed to fully understand the innate immune response of 
chickens to T. gondii are scarcely available in the current literature, in contrast to related 
apicomplexa of the genus Eimeria that cause intestinal coccidiosis in chicken. However, 
Eimeria only invade the intestinal mucosa whereas T. gondii cause systemic infection, and 
thus data obtained for Eimeria is probably not directly transferable to the immune reactions in 
chicken toxoplasmosis (ZHANG et al. 2012, ZHANG et al. 2018, HIOB et al. 2019).  
Beyond that, the possibility of monocyte and macrophage subsets that differ in their capacity 
to host or eliminate T. gondii deserves consideration. Heterogeneity of monocytes and 
macrophages in mammals, especially in man and mice, is well known and their contribution to 
disease progression seems to be diverse, as they constitute a highly heterogeneous pool with 
distinct biological activities (PARIHAR et al. 2010). Indeed, studies in mice have shown that at 
least one particular subset of monocytes is crucial for acute progress of infection (ROBBEN et 
al. 2005). These cells can kill parasites directly without prior activation, but also act as a source 
of IL-12. In avian species, maturation of macrophages and their functional heterogeneity in 
primary cultures (QURESHI et al. 2000) indicate that a comparable situation may also exist in 
birds. However, the relative importance of specific cell type subsets to the control of infection 
in vivo remains uncertain. Furthermore, initial clues on gene expression and modulation of 
metabolic pathways induced by T. gondii infection in birds remain to be verified.  
3.4 T. gondii strain diversity 
Recent studies reveal that different T. gondii strains modulate their host cells in strain-specific 
manners. Disparate invasion strategies result in different gene expression of IL-1β and IL-12 
(ROBBEN et al. 2004, GOV et al. 2013) and immune response. Moreover, strains may differ 
in host cell preference (ZHAO et al. 2014). Virulence of T. gondii strains is normally defined 
based on the LD50 in mice, but this does not fully describe the pathogenic capacity of the 
respective strain. Particularly intracellular multiplication and subsequent lysis of host cells may 
differ considerably between strains, but also in host species. Although all three major strain 
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types that are present in Europe and North America seem to produce same numbers of 
parasite stages, the speed of replication is significantly shorter for type I strains compared to 
strain types II and III in mammals while type II and III strains display a similar course of infection 
(SAEIJ et al. 2005). Yet, this information was obtained from experiments in mice that are highly 
susceptible to T. gondii. In contrast, chickens are known to display chronic, mostly non-lethal, 
infection (DUBEY 2010) which is in accordance to our observation of low virulence in chicken 
MM (PUBLICATION 3). Similar observations are reported by ZHANG et al. (2018). Virulence 
of different T. gondii strain types in chicken has not been comparatively evaluated before. Our 
data indicate for the first time that strains of different type display generally similar (low) 
virulence in chicken MM (PUBLICATION 3). We conclude that the inflammatory MM response 
to parasite invasion is moderate without relevant effects attributable to strain types, at least for 
strain types II and III. For infection with strain type I (RH), similar effects regarding increase of 
TNF-α and iNOS mRNA expression have been reported by ZHANG et al. (2018), but there 
seem to be differences in IL-12 gene expression. Those variations may be influenced by 
infection dose or depend on the observation period (WANG et al. 2015). We conclude from 
our data that pro-inflammatory cytokine and chemokine secretion is increased in vitro following 
a certain course after infection of cultures switching from inhibition to activation approximately 
8 h p.i. as already discussed above.  
Translocation of NF-κB resulting in higher levels of IL12p40 is described to be strain-specific 
for type II but not for type I isolates (ROBBEN et al. 2004) in mice. Gene expression profiling 
has revealed similar transcriptional response to different strains in chicken as well as in 
mammals (ONG et al. 2011) and was confirmed by studies on phagocytosis of avirulent 
T. gondii by murine macrophages (ZHAO et al. 2014). Based on our data on strain type II 
infection (PUBLICATION 3) elevated IL-12 is suspect to be a major trigger during early 
infection in chicken.  
Phagocytosis of tachyzoites instead of active penetration into macrophages, followed by 
blocking of phagosomale maturation, and IRG-mediated disruption of the PV was shown for 
mammalian phagocytes (ZHAO et al. 2014). Upregulation of cytokines like IFN-γ, IL-12, IL-10 
and IL-1β differs between macrophages exposed to tachyzoites of different strain type. 
Cytokine response was generally high in type II infections, less distinct in type III infections, 
and lowest in type I infected cells (SAEIJ et al. 2005, ROBBEN et al. 2004). These observations 
were confirmed for type II and type I infections of chicken MM (PUBLICATION 3, ZHANG et 
al. 2018). Thus, it is assumed that chicken macrophages act as Trojan horse for type II strains 
of T. gondii but not for type I or presumably type III strains.  
ZHAO et al. (2014) concluded that different T. gondii strains differ in their affinity to host cell 
types. We compared T. gondii susceptibility of nucleated avian thrombocytes and erythrocytes 
to MM in terms of parasite invasion and reproduction (PUBLICATION 2). Thrombocytes and 
erythrocytes, although nucleated in avian species, are not suitable host cells. Regarding MM, 
type II strain infections appeared slightly more successful than type III infections, confirming 
the variable features of different clonal lineages of T. gondii that were observed in mammals 
(PUBLICATION 3). However, this assumption needs further verification.  
Understanding the reproductive capacity of T. gondii in chicken is a key factor to evaluate the 
genesis of chronic infection and distribution of this parasite in poultry livestock considering the 
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potential zoonotic risk that may arise from consumption of chicken meat products harboring T. 
gondii cysts. It is obvious from the current studies that extrapolation from other laboratory 
models like mice or mammalian cell lines should be done cautiously. 
3.5 Primary cells as a tool for T. gondii research 
Many different cell types have been used for T. gondii infection studies. This parasite is able 
to use any warm-blooded individual as host, leading to variable severity of disease depending 
not only on the virulence of the respective type of T. gondii strain but also on the host cell type 
infected (ZHAO et al. 2014). Accordingly, choosing the appropriate host species and host cell 
model to study the question of interest related to T. gondii infection is of significance.  
Intracellular parasites may modulate host cell metabolism by stimulating or blocking signaling 
pathways during invasion and replication of the parasite (SIBLEY 2004) which may affect the 
immune response, apoptosis and even host cell migration (LÜDER and GROSS 2005, 
KANATANI et al. 2015). Modulation by parasites include changes in the metabolism of the host 
cell due to parasite invasion. In general, metabolic features may differ strongly between 
primary and immortalized cell. Although immortalized cells have clear advantages for in vitro 
studies in terms of costs, labor, and convenience and are thus widely applied in research (e.g. 
GUILLERMO and DAMATTA 2004), their use is subject to limitations. For instance, they are 
suited on a limited basis for studies on aspects such as apoptosis (LÜDER and GROSS 2005). 
Their physiology is altered which allows continuous cultivation, however, observations made 
in such unphysiological models are possibly less representative to the situation in vivo in 
comparison to primary lines originating from the proper host species. Therefore, we decided 
to use primary thrombocytes, erythrocytes, and MM (PUBLICATION 1 and 3) isolated from 
chicken for our studies and believe that this approach, although cumbersome, is more suitable 
to understand host-parasite interaction in the target species than immortalized cells. However, 
we are fully aware that isolated primary cells inevitably fail to completely reflect the complex 
interactions between parasite and host that may involve various cell types living in the same 
tissue matrix. They are rather suited to study isolated events under artificial and very 
reductionistic conditions, even if mixed cell cultures are used. 
Macrophages, together with other phagocytes such as DCs, are crucial to the innate immune 
response through their unique ability to distinguish and respond to prokaryotic and eukaryotic 
infections (PARIHAR et al. 2010). In mice, neutrophils were discovered to be an important 
source for IFN-γ production thereby contributing to innate defense against T. gondii including 
activation of macrophages (BISWAS et al. 2017). However, neutrophils were also found to 
suppress the inflammatory response (LIMA et al. 2018) in infected humans and their function 
during T. gondii invasion is still discussed controversially. Moreover, neutrophils are assumed 
to have an impact on the progress of pathogenesis in toxoplasmosis (BLISS et al. 1999, ABI 
ABDALLAH et al. 2012). Their ability to release chromatin and granule-associated neutrophil 
extracellular traps (NETs) can immobilize and kill microbes including parasites (HERMOSILLA 
et al. 2014), although the in vivo relevance of NETosis on T. gondii is unclear, yet. NETosis in 
avian species was suggested to play a role in bacterial infection (PIEPER et al. 2017) but 
remains to be investigated for avian toxoplasmosis.  
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It is obvious from the available data that the various cell types susceptible to T. gondii invasion 
respond in different ways to the parasite challenge even in the same host species. This 
variability makes extrapolation of findings from one host species to the other, e.g. from mouse 
to man, difficult (DENKERS et al. 2012). It is obvious that this dilemma is even more distinct 
when mammals are compared to birds. For instance, we hypothesized that avian erythrocytes 
and thrombocytes, which are nucleated in birds in contrast to mammals, might serve as 
suitable host cells for T. gondii. Although we were able to reject this hypothesis 
(PUBLICATION 2), these cells might though play a role during toxoplasmosis by e.g. 
contributing to the regulation of metabolic pathways. These are speculations that may be 
targeted in further studies. 
Although T. gondii has attracted much attention as an opportunistic pathogen in man, less 
attention has been payed to the possible role as a parasitic organism that may support other 
pathogens. Recently, the interaction of T. gondii with another coccidian parasite, Eimeria 
tenella, was analyzed in co-infection models. Although no clear effects on replication were 
demonstrated in vivo (HIOB et al. 2017), ZHANG et al. (2018) reported that T. gondii supports 
Eimeria replication in primary chicken MM based on the procedures that were developed in 
the current studies (PUBLICATION 1 and 3). Co-infection deserves further investigation, which 
may improve our fragmentary understanding of the complex interactions occurring in hosts 
exposed to more than one pathogen. It is of great impact to investigate co-infection by other 
non-parasitic pathogens like Salmonella or viruses (BRAUKMANN et al. 2015), and our 
primary culture system appears a suitable tool for such attempts.  
3.6 Outlook 
Currently, the limited knowledge on avian immunology and particularly in birds infected with 
neglected parasites such as T. gondii leaves many open questions related in particular to 
pathogen-host interaction. The great advantage of the established model is that key factors 
related to the innate immune response of MM to the parasite can be analyzed under strictly 
defined conditions. Moreover, thrombocytes and erythrocytes were successfully isolated and 
cultivated as primary cells. A suitable protocol is thus available for further studies in these avian 
in vitro models. Although these cells appear unsuitable for parasite reproduction, it is possible 
that they are though involved in cellular signaling during infection. This hypothesis deserves 
further investigation. 
To analyze the mutual response between primary host cells and T. gondii, flow cytometry, 
microarray procedures or advanced genomic tools or proteomics will probably allow a closer 
and detailed insight into the molecular processes involved in these highly complex interactions. 
Open questions, which were raised by our studies on T. gondii infection in chicken PBMC, 
remain to be answered: 
(i) What are the mechanisms of parasite reduction in thrombocyte and erythrocyte primary cell 
cultures? How do these cells communicate with other cells (e.g. macrophages)?  
(ii) Is the regulation of IL-1β, IL-12, iNOS and TNF-α effective downstream? What about NO 
and IFN-γ and how are the activation pathways mediated in response to different T. gondii 
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strains? Do T. gondii or T. gondii-infected cells interact with other pathogens during co-
infection with other parasites, bacteria or virus? 
In addition, confirmation and extension of knowledge on balancing stimulation of host defense 
with avoidance of immune elimination in avian species will provide more insights on the 
dynamics and role of T. gondii infection in the vertebrate kingdom.  
3.7 Conclusions 
In conclusion, primary chicken PBMC cultures were successfully developed and/or refined. 
Using these primary cell cultures, the initial step of (acute) infection of poultry was evaluated. 
Chicken primary MM were found to be suitable host cells whereas this is not the case for 
thrombocytes and erythrocytes. The response of MM to infection was characterized in terms 
of parasite invasion, phagocytosis, parasite reproduction, and cytokine response. It appears 
probable that chicken macrophages serve as Trojan horse to transport the parasite into other 
tissues where finally persistent cysts are formed. However, this assumption has to be 
evaluated in further in vivo studies. Altogether, our results indicate a general attempt by the 
host to maintain homeostasis between stimulation and suppression of innate defense during 
infection as previously described for mammals. This explains the mostly subclinical course of 
acute toxoplasmosis in chicken leading to chronic infection. However, Toxoplasma strain type 
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Introduction: The intracellular protozoan Toxoplasma gondii is a uniquely successful parasite 
that globally exploits a wide host range encompassing essentially all warm-blooded animals 
including both mammalian and avian species. Felidae are the only definitive hosts in the 
facultative heteroxenous life cycle. Pathogenesis of T. gondii infection has been studied mainly 
in mammals. There is only rare information on the immune reaction in chickens although birds 
are known to be important hosts. Considering that the host’s peripheral blood cells serve as 
target  and thus interact with the intracellular parasite during distribution in the infected host, 
invasion and intracellular replication of the tachyzoites of T. gondii in different mononuclear 
cell populations isolated from chicken peripheral blood (erythrocytes, thrombocytes, 
monocyte-derived macrophages (MM)) were studied.  
Objectives: Peripheral blood mononuclear cells (PBMCs), namely thrombocytes and 
erythrocytes as well as MM were characterized concerning their capability to host T. gondii. 
Primary cell infection models were established in order to assess parasite replication. In MM 
two different strains, ME49 (strain type II) and NED (strain type III), were compared for their 
replication rate. Cellular response to infection with ME49was studied in primary MM.  
Material and methods: MM, thrombocytes and erythrocytes were isolated from chicken (n = 
20) PBMC and cultivated. MM and thrombocyte cultures were characterized by flow cytometry 
and by light and confocal laser scanning microscopy. MM, erythrocytes and thrombocytes were 
exposed to infection with tachyzoites (ME49 or NED strain) directly after isolation 
(erythrocytes), 48 hours (h) after isolation (thrombocytes), or 72 h after isolation (MM). Cells 
were collected for analysis for different periods post infection (p.i.), until 24, 48 or 72 h p.i. For 
primary MM, the parasite replication rate was compared to a mammalian cell line used widely 
for T. gondii cultivation (Vero) and an immortalized chicken macrophage cell line (HD11). The 
number of tachyzoites at each sampling time point was determined by real-time quantitative 
PCR (qPCR) based on detection of the 529-bp fragment specific for T. gondii. The number of 
parasite stages was assessed for every time point (n = 6 per cell culture, parasite strain type, 
and time point for every infection group). For data analysis, the absolute DNA copy numbers 
were normalized (as percentages of the 1 h p.i. value). Furthermore, the response of the 
primary macrophages to infection with the ME49 strain was observed (over 36 h p.i.) by 
evaluation of gene expression of IL-1ß, IL-12p40, Lipopolysaccharide induced TNF-α factor 
(LITAF) and inducible nitric oxide synthase (iNOS). Gene transcription data were normalized 
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to those of GAPDH and G6PDH. Parasite replication as well as the fold change of cytokines 
were statistically evaluated. Data was assessed for normal distribution by Kolmogorov-
Smirnov test. Normally distributed data was analyzed by ANOVA and subsequent Bonferroni 
test, non-normally distributed data for group differences by Kruskal-Wallis test and subsequent 
Mann-Whitney-U test. 
Results: Primary cultures containing at least 80 % of the respective target cells and suitable 
for long-term observations were produced by the procedures established in the current study. 
It was demonstrated that cultivation at 40°C (representing the physiological body temperature 
in chickens) and using of primary avian cells instead of mammalian cell lines such as Vero or 
HD11 as host cells distinctly affected parasite replication. T. gondii tachyzoite numbers 
significantly increased in MM (300 percent at 48 h p.i., ME49) during long-term investigation 
over 72 h but with initial and final decrease. In comparison, the number of parasite stages 
increased 1000 percent in Vero and 300 percent in HD11 by only robust increases (ME49), 
respectively. In contrast, the number of parasite stages significantly decreased in primary 
erythrocytes and thrombocytes down to less than 20 percent not increasing again. No 
significant differences were detected between strain type II (ME49) and III (NED) regarding 
their replication potential in MM. The mRNA expression for cytokines and iNOS of MM infected 
with viable ME49 tachyzoites was significantly different from uninfected MM and MM incubated 
with heat-inactivated ME49 tachyzoites. Especially at 8 to 24 h p.i., parasite replication 
coincided with upregulation of gene expression (IL-1ß, LITAF, iNOS) in infected MM. For 
infection with heat-inactivated tachyzoites, mRNA regulation increased directly after infection 
with subsequent decrease between 4 to 12 h p.i. and in this entirely, level of fold change for 
IL-1 ß was significantly higher (5 times as high), but lower for iNOS (approximately half). In 
comparison, mRNA upregulation of IL-12p40 was delayed for both with only one peak for 
infection with heat-inactivated tachyzoites at 8 h p.i., but repeated increase (8, 24, 36 h p.i.) 
for viable ME49 being in total almost twice as high (at 36 h p.i.). 
Conclusion: Primary chicken MM are a suitable host cell system to study immune reaction to 
T. gondii tachyzoite infection, while erythrocytes and thrombocytes are not supporting parasite 
replication. Avian MM are likely an important vehicle for distributing the parasite from blood 
vessels into different organs and thus promote infection. In addition to this putative Trojan 
horse function, MM react to pathogen invasion by pro-inflammatory upregulation of IL-1ß, IL-
12p40, LITAF and iNOS. Activation of these mediators points to contribution of MM to immunity 
against T. gondii in chicken. These seemingly contradictory findings during T. gondii infection 
of MM needs further investigation. It was hypothesized that nucleated avian erythrocytes and 
thrombocytes might also serve as host cells, however, no parasite replication could be 
demonstrated in these cells. Nevertheless, they may though play a role in the progress and 




Irene Malkwitz  
Toxoplasma gondii-Infektion im Haushuhn: Bedeutung peripherer mononukleärer Blutzellen 
Institut für Parasitologie; Veterinärmedizinische Fakultät, Universität Leipzig  
Eingereicht im April 2019  
52 Seiten, 18 Figur, 3 Tabelle, 136 Literaturangaben (ohne eigene Publikationen) 
Schlüsselwörter: Haushuhn, Toxoplasma gondii, periphere mononukleäre Blutzellen, Parasit-
Wirts Interaktion 
Einleitung: Der intrazellulär-lebende Protozoe Toxoplasma gondii ist einzigartig erfolgreich. Er 
nutzt weltweit eine große Bandbreite verschiedener Wirtsspezies, zu denen im Wesentlichen 
alle warmblütigen Tiere, vor allem Säugetiere und Vögel, zählen. Feliden sind die alleinigen 
Endwirte im fakultativ heteroxenen Lebenszyklus. Die Pathogenese der T. gondii-Infektion 
wurde hauptsächlich im Säugetier betrachtet. Über die Immunantwort im Huhn gibt es nur 
wenige Informationen, obwohl Vögel als Wirtsspezies eine große Bedeutung haben. Wegen 
der Schlüsselrolle, welche den peripheren Blutzellen des Wirtes im Verlauf der Infektion 
hinsichtlich der Verteilung des eindringenden Parasiten im Wirt zukommt, wurden Invasion und 
Vermehrung von T. gondii-Tachyzoiten in verschiedenen mononukleären Zellpopulationen 
(Erythrozyten, Thrombozyten, Monozyten-abstammende Makrophagen (MM)) betrachtet. 
Ziele der Arbeit: Periphere mononukleärer Blutzellen (PBMCs), im Detail Erythrozyten, 
Thrombozyten und MM, sollten hinsichtlich ihrer Empfänglichkeit für T. gondii charakterisiert 
werden. Zur Prüfung der Parasitenvermehrung wurden Infektionsmodelle mit Primärzellen 
etabliert. In MM wurden zudem zwei verschiedene Stämme (ME49, Typ II und NED, Typ III) in 
ihrer Replikationsrate verglichen und die zelluläre Immunantwort (ME49) untersucht. 
Material und Methoden: Erythrozyten, Thrombozyten und MM wurden aus Hühner-PBMCs 
isoliert und kultiviert (Probenumfang n=20 Hühner). Die Charakterisierung der Primärkulturen 
von MM und Thrombozyten erfolgte mittels Durchflusszytometrie sowie durch Licht- und 
Konfokalmikroskopie. MM, Erythrozyten und Thrombozyten wurden mit Tachyzoiten (ME49 
bzw. NED) infiziert, Erythrozyten direkt nach der Isolation, Thrombozyten nach 48 Stunden (h) 
und MM nach 72 h. Die Probenentnahme zur Analyse der Vermehrung erfolgte bis 24, 48 bzw. 
72 h nach der Infektion (h p.i.). Die Kapazität für Tachyzoitenvermehrung von MM wurde mit 
einer Säugetierzelllinie, die häufig zur T. gondii-Vermehrung genutzt wird (Vero), und einer 
Makrophagen-Hühnerzelllinie (HD11) verglichen. Die Parasitenvermehrung wurde zu den 
einzelnen Zeitpunkten anhand der Stadienanzahl mittels quantitativer real-time PCR (qPCR) 
basierend auf dem T. gondii-spezifischen 529-bp Fragment gemessen und in den 
Infektionsgruppen für jeden Zeitpunkt (n=6, verschiedene Zellkulturen und Parasitenstämme) 
detektiert. Die Analyse erfolgte durch Normalisierung der absoluten Anzahl der DNS-Kopien 
auf Prozent (anhand des Wertes zum Zeitpunkt 1 h p.i.). Die Immunantwort der MM wurde 
mittels Genexpressionsanalyse von IL-1ß, IL-12p40, Lipopolysaccharid-induzierter TNF-α 
Faktor (LITAF) und der induzierbaren Stickstoffmonooxid-Synthase (iNOS) untersucht und die 
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Infektion lebender mit Hitze-inaktivierten Tachyzoiten (ME49) verglichen (über 36 h p.i.). Die 
Transkription der Zielgene wurde gegen GAPDH und G6PDH normalisiert und diese Daten 
sowie die der Parasitenvermehrung statistisch evaluiert. Die Analyse auf Normalverteilung 
erfolgte mittels Kolmogorov-Smirnov-Test. Bei Normalverteilung wurde mittels ANOVA und 
anschließendem Bonferroni-Test analysiert. Nicht normalverteilte Daten wurden hinsichtlich 
Gruppenunterschieden mittels Kruskal-Wallis Test und im Weiteren mittels Mann-Whiney-U-
Test statistisch betrachtet. 
Ergebnisse: Die hier entwickelten Methoden resultieren in Primärzellkulturen mit 
ausreichender Reinheit (Anteil Zielzellen ≥ 80 Prozent) und Verwendbarkeit. Die Bedeutung 
von 40°C (physiologische Körpertemperatur Huhn) als Kultivierungstemperatur sowie der 
Verwendung von Primärzellen anstatt immortalisierter Zelllinien (Vero, HD11) für die 
Parasitenvermehrung von T. gondii konnten gezeigt werden. Der signifikante Anstieg der 
Tachyzoitenzahl in MM über 72 h Betrachtung (etwa 300 Prozent 48h p.i., ME49) war begleitet 
von initialem und finalem Abfallen. Im Vergleich dazu haben Vero-Kulturen (1000 Prozent 
Vermehrung, ME49) und HD11 (300 Prozent Vermehrung, ME49) einen linearen Anstieg. 
Infizierte Erythrozyten und Thrombozyten zeigen im Gegensatz zu MM einen signifikanten 
Abfall (≤ 20 Prozent bei 12 h p.i.) der Parasitenstadien ohne erneuten Wiederanstieg. In MM 
wurden für die beiden untersuchten Tachyzoiten-Stämme (ME49, NED) keine signifikanten 
Unterschiede in der Parasitenvermehrung festgestellt. Die Genexpressionsanalyse der 
Zytokine und iNOS zeigte im Vergleich signifikante Unterschiede zwischen uninfizierten bzw. 
mit Hitze-inaktivierten Tachyzoiten infizierten MM zu den mit lebenden Stadien infizierten MM. 
Insbesondere im Zeitraum 8 bis 24 h p.i. überschneiden sich diese Feststellungen zur 
Hochregulation der Genexpression (IL-1ß, LITAF, iNOS) mit der detektierten 
Parasitenvermehrung in lebend-infizierten MM. Hitze-inaktivierte Tachyzoiten steigern die 
Genexpression direkt nach der Infektion mit anschließendem Abfall (4 bis 12 h p.i.), wobei im 
Vergleich für IL-1ß ein signifikant höherer Anstieg (5 facher fold change), aber ein deutlich 
niedrigerer für iNOS (etwa halber fold change) festgestellt wurde. Die Regulation von IL-12p40 
war verspätet mit nur einem Anstieg (8 h p.i.) bei Infektion mit Hiltze-inaktivierten Tachyzoiten, 
aber wiederholtem Anstieg (8, 24, 36 h p.i.) bei lebenden ME49 (etwa zweifacher fold change). 
Schlussfolgerungen: Primäre Hühner-MM sind als Wirtszell-System im Infektionsversuch mit 
T. gondii-Tachyzoiten gut geeignet für Studien zur Immunantwort. Im Gegensatz dazu sind 
Erythrozyten und Thrombozyten durch fehlende Parasitenvermehrung ungeeignet. Die 
Empfänglichkeit der MM für Tachyzoiten weist auf Ihre besondere Bedeutung im Verlauf der 
Verbreitung des Parasiten im Wirtsorganismus hin. Unabhängig von dieser Funktion als 
Trojanisches Pferd sind MM gleichzeitig von Bedeutung für die Vermittlung der Immunantwort, 
wie die Hochregulation von IL-1ß, IL-12p40, LITAF and iNOS als Mediatoren einer 
proinflammatorischen Aktivierung zeigen. Diese zunächst gegensätzlich erscheinenden 
Erkenntnisse benötigen weitere Betrachtung. Darüber hinaus sollte die Bedeutung von 
Erythrozyten und Thrombozyten für den Verlauf der T. gondii-Infektion im Wirt trotz fehlender 
Wirtszelleignung genauer untersucht werden. 
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